Higuita-Castro N, Mihai C, Hansford DJ, Ghadiali SN. Influence of airway wall compliance on epithelial cell injury and adhesion during interfacial flows. J Appl Physiol 117: 1231-1242 , 2014 . First published September 11, 2014 doi:10.1152/japplphysiol.00752.2013.-Interfacial flows during cyclic airway reopening are an important source of ventilator-induced lung injury. However, it is not known how changes in airway wall compliance influence cell injury during airway reopening. We used an in vitro model of airway reopening in a compliant microchannel to investigate how airway wall stiffness influences epithelial cell injury. Epithelial cells were grown on gel substrates with different rigidities, and cellular responses to substrate stiffness were evaluated in terms of metabolic activity, mechanics, morphology, and adhesion. Repeated microbubble propagations were used to simulate cyclic airway reopening, and cell injury and detachment were quantified via live/dead staining. Although cells cultured on softer gels exhibited a reduced elastic modulus, these cells experienced less plasma membrane rupture/necrosis. Cells on rigid gels exhibited a minor, but statistically significant, increase in the power law exponent and also exhibited a significantly larger height-to-length aspect ratio. Previous studies indicate that this change in morphology amplifies interfacial stresses and, therefore, correlates with the increased necrosis observed during airway reopening. Although cells cultured on stiff substrates exhibited more plasma membrane rupture, these cells experienced significantly less detachment and monolayer disruption during airway reopening. Western blotting and immunofluorescence indicate that this protection from detachment and monolayer disruption correlates with increased focal adhesion kinase and phosphorylated paxillin expression. Therefore, changes in cell morphology and focal adhesion structure may govern injury responses during compliant airway reopening. In addition, these results indicate that changes in airway compliance, as occurs during fibrosis or emphysema, may significantly influence cell injury during mechanical ventilation.
ventilation-induced lung injury; airway compliance; airway reopening; cell mechanics; and cell injury THE ACUTE RESPIRATORY DISTRESS syndrome (ARDS) is a lifethreatening condition that involves disruption of the alveolarcapillary barrier and impaired gas exchange (46) . 1 Although mechanical ventilation of ARDS patients can restore normal oxygenation, these ventilators may also cause significant cellular injury and trigger proinflammatory signaling cascades (26, 31) in a process known as ventilator-induced lung injury (VILI). One form of VILI, known as volutrauma, involves the overdistension and cyclic stretching of lung tissue, which causes epithelial cell necrosis (43) , disruption of the alveolarcapillary barrier (7) , and inflammatory signaling (44) . Presently, protective ventilation strategies, such as low tidal volumes, are the standard of care and seek to minimize volutrauma during mechanical ventilation (42) . However, even when low tidal volumes are utilized, significant lung damage is observed (9, 11) .
In addition to volutrauma, the cyclic collapse and reopening of fluid-occluded lung regions can also result in significant damage known as atelectrauma (24) . Under these conditions, the closure and reopening of fluid-filled airways generates interfacial and microbubble flows that can significantly damage the lung epithelium. Specifically, several investigators have used computational (13, 14, 23, 25, 29) and in vitro experimental (3, 30, 47, 48) techniques to demonstrate that this interfacial flow generates complex mechanical forces that cause cell necrosis/plasma membrane disruption and detachment of cells from their substrate. In addition, mechanical forces associate with atelectrauma can also activate inflammatory signaling pathways (27, 28) . Animal studies have confirmed that atelectrauma is a significant form of lung injury (9 -12) , and previous studies have attempted to minimize atelectrauma by either specifying a positive end-expiratory pressure or by using a recruitment maneuver to "open up" the lung (38) . However, clinical trials designed to minimize atelectrauma with positive end-expiratory pressure have not been successful (4) .
Most previous investigations have used a rigid-walled parallel-plate system to investigate the mechanisms of atelectrauma. For example, Gaver and colleagues (3, 30) simulated airway reopening by propagating an air bubble over a monolayer of lung epithelial cells cultured in a rigid, two-dimensional parallel-plate perfusion chamber. These authors demonstrated that the large pressure gradient near the bubble front causes plasma membrane disruption and cell necrosis (3, 30) . Using a similar rigid airway model, Yalcin et al. (48) demonstrated that the degree of cell injury during cyclic airway closure/reopening is inversely proportional to airway diameter, and that changes in the cell's cytoskeletal structure can be used to mitigate cell injury during reopening (47) . Similarly, Oeckler et al. (35) demonstrated that hypertonic treatment reduces cell injury by increasing plasma membrane-cytoskeleton adhesive interactions. Although these results indicate that altering cell mechanics represents a novel way to reduce atelectrauma, the in vitro models used in these studies do not take into consideration the compliant nature of lung tissue. Recently, Douville et al. (16) used an in vitro system to demonstrate the predominant effect of fluid mechanical stresses over cyclic stretching on the degree of cell injury. Although this system did culture lung epithelial cells on a flexible polydimethylsiloxane membrane, this study (16) did not specifically investigate how changes in airway wall compliance influence cellular mechanics or the degree of cellular injury.
Therefore, the goal of this study was to investigate how changes in airway wall compliance influence cell injury during airway reopening. We specifically hypothesize that airway wall stiffness significantly influences the injury of lung epithelial cells during airway reopening. To test this hypothesis, we developed a polyacrylamide-based compliant-walled in vitro model that can simulate the changes in lung tissue mechanics that might occur during comorbidities, such as fibrosis or emphysema. Using this system, we investigated how changes in airway wall compliance influenced cell necrosis and cell detachment during cyclic airway reopening. We also conducted a series of biomechanical and morphological characterization studies to investigate how changes in substrate stiffness influence cell mechanics, morphology, and focal adhesion (FA) structure. In addition to demonstrating that changes in airway wall compliance can influence the degree of cellular injury during airway reopening, we demonstrate that this injury response correlates with changes in cell morphology and FA structure.
METHODS

Polyacrylamide Substrate Preparation and Characterization
Collagen-coated polyacrylamide gels with different stiffness values were prepared using acrylamide/bis-acrylamide (Bio-Rad, Hercules, CA) solutions in water, containing 5 or 10% (wt/wt) of acrylamide and 0.03, 0.04, or 0.45% (wt/wt) of bis-acrylamide. A 10% ammonium persulfate solution (Sigma-Aldrich, St. Louis, MO) and undiluted tetramethylethylenediamine (Fisher BioReagents, Waltham, MA) were used as polymerization initiators at a final concentration of 0.5 and 0.05%, respectively. The gel substrates were attached to 40-mm glass coverslips (Bioptechs, Butler, PA) and coated with a thin layer of Human Collagen Type I (BD Biosciences, Bedford, MA). This collagen layer facilitates cell adhesion to the gel substrate and minimizes differences in surface chemistry between substrates.
A Bioscope II atomic force microscope (AFM) (Digital Instruments, Santa Barbara, CA) mounted on the stage of an Axiovert 200 inverted optical microscope (Zeiss) was used to measure Young's modulus of fully hydrated gels. Silicon nitride cantilevers with a nominal spring constant k ϭ 0.01 N/m, length of 200 m, and a regular four-sided pyramidal tip with an angle ϭ 35°were used for these measurements (Bruker, Camarillo, CA). The AFM tip was moved in the vertical direction (z) toward the substrate surface and the tip deflection (d) was recorded as a function of z. As described previously (34), Hooke's law (F ϭ k·d) was used to generate a force/displacement curve, which was analyzed with a modified Hertz model
Here ␦ is the indentation depth, and E and are the Young's modulus and the Poisson's ratio, respectively. Least squared regression techniques were then used to determine both the Young's modulus E and the z-position where the tip contacts the cell, z c (see Ref. 34 for details). Approximately 87 force curves were analyzed for each substrate, and the analysis was restricted to indentation forces of 0.05-0.5 nN.
Cell Culture
The gel substrates were placed inside 60-mm petri dishes and sterilized using a 70% ethanol solution and thoroughly washed with sterile phosphate-buffered saline (PBS) (ATCC, Manassas, VA) before cell seeding. Human alveolar epithelial cells (A549) (ATCC) and primary human small airway epithelial cells (HSAEpC) (PromoCell, Heidelberg, Germany) were seeded on gel substrates at a density of 1.7 ϫ 10 4 cells/cm 2 and cultured under normal conditions until confluence. A549 cells were maintained in Dulbecco's modified Eagle's medium (Cellgrowth, Corning, Manassas, VA), supplemented with 10% fetal bovine serum (HyClone, Thermo Scientific, Rockford, IL) and 1% of antibiotics/antimycotics mixture (Gibco, Life Technologies, Grand Island, NY) at 37°C and 5% CO 2 and 95% relative humidity. HSAEpC were regularly maintained in small airway epithelial cell growth medium (PromoCell), supplemented with a SupplementMix recommended by the supplier.
Fluid-filled Airway Reopening Simulation
As shown in Fig. 1A , the Focht Live-Cell Chamber System (FCS2) (Bioptechs) was used to simulate cell injury during cyclic airway reopening. Briefly, substrates with cultured A549 cells or HSAEpC were placed inside the FCS2 chamber, and silicone gaskets were used to create a parallel plate flow channel (35-mm length, 10-mm width, and 0.5-mm height). Similar to previous studies (47, 48) , this channel was then filled with a surfactant-deficient PBS fluid using a programmable PHD 2000 syringe pump (Harvard Apparatus, Holliston, MA). The fluid was then retracted from the channel at a flow rate (0.09 ml/min) to create an air bubble that propagated over the cell monolayer at a velocity of 0.3 mm/s (Fig. 1B) . The channel was then refilled at an infusion rate of 2 ml/min. This infusion/retraction procedure was repeated to simulate one or five reopening events, and the capillary number was 3.7 ϫ 10 Ϫ6 during the reopening phase and 8.2 ϫ 10
Ϫ5
during the refilling phase. Cells were then stained using a Live/Dead Cytotoxicity kit (Invitrogen, Grand Island, NY) and characterized via fluorescence imaging. The percentage of cell death was calculated as the ratio of dead cells to total number of cells per image (ϫ10 magnification). Cell detachment was measured by quantifying the cell number before and after airway reopening, and cell counts were conducted using the Image J (National Institutes of Health, Bethesda, MD) analysis software.
Characterization of Cellular Responses
Metabolic activity, cytoskeletal structure, and cell morphology. An Alamar Blue assay (Invitrogen) was used to characterize metabolic activity of cells cultured for 2 and 4 days on gels with different substrate stiffness. For these studies, tissue culture plates (TCPS) and glass substrates were used as controls. Cytoskeletal structure of cells cultured on different gels was assessed by fluorescence imaging of actin filaments. Briefly, after reaching confluence, the samples were fixed using neutral buffered formalin (10%) (Thermo Scientific) for 15 min, permeabilized with a 0.1% Triton X-100 (Sigma-Aldrich) solution in PBS for 5 min, and incubated with a 0.2 M Alexa Fluor 488 Phalloidin (Invitrogen) solution in PBS for 20 min at room temperature. The cell nuclei were counter stained using a 0.2 g/ml 4=,6-diamidino-2-phenylindole (Sigma-Aldrich) solution in PBS for 5 min. Morphological properties of cells cultured on different gels, i.e., cell height, length, and width, were obtained using the NanoScope Analysis Software (Bruker Instruments) and were based on AFM images, as described in Cell mechanics below. For these measurements, length was defined as the largest edge-to-edge distance, and the width was defined as the maximum edge-to-edge distance perpendicular to the length axis.
Cell mechanics. AFM was used to measure both the Young's modulus (E) and the frequency dependence of the complex shear modulus, G*(f), of cells cultured on different substrates and main-tained in CO2-independent media. First, under contact mode, three to seven regions were scanned per sample, and the deflection error and height image were recorded for each image. The AFM tip was then moved toward the cell, and the resulting tip deflection (d) as a function of vertical position (z) data was recorded. As described above, Young's modulus (E) and contact point (z c) were estimated by least squares fitting of this data with Eq. 1. An average of 101, 91, and 90 force curves were acquired from each scanned region for 3.4, 10.6, and 68.6 kPa gels, respectively. Data analysis was restricted to the lower region of the force curve (0.05-0.5 nN) to avoid noise in the Ͻ0.05 nN range and nonlinearities associated with deep indentations (39, 45) . Measurements of E were obtained only for regions where the cell height was Ͼ2.2 m.
For cell viscoelasticity measurements, silicon nitride triangular cantilevers (spring constant k ϭ 0.01 N/m and cantilever length 200 m) with a regular four-sided pyramidal tip (nominal angle ϭ 35°) were used to obtain deflection vs. time curves and to calculate the frequency dependence of the complex shear modulus (G*). This procedure is described in detail by Alcaraz et al. (1) . Briefly, at each cell surface location, we first obtained a standard deflection vs. cantilever position curve and used this relationship to indent the cell by a known value, ␦ o. The cantilever was then programmed to execute a sinusoidal oscillation in z-position at a given frequency, f, and the magnitude (md) and phase shift (d) in the resultant deflection signal was recorded. Approximating Eq. 1 with the first term of a Taylor Series expansion and expressing the shear modulus as
where F o is the force at ␦o. Using the correspondence principle (22) to transform into the frequency domain, and accounting for the hydrodynamic drag force due to viscous interactions between the cantilever and the surrounding liquid yields
where ϭ 2f, F() and ␦() are the Fourier transforms of F and ␦, respectively, and b(0) is the drag coefficient. Equation 3 was then used to calculate G* at a given frequency given 1) our measurement
Measurements of G* were obtained for frequencies in the range f ϭ 5-160 Hz, and we characterized these G* vs. frequency curves using a power law structural dampening model (20) .
Here G 0 is the value of the storage modulus at o, o is a reference frequency (set to 31.5 rads/s), ␣ is the power law exponent, ϭ tan(␣/2) is the hysteresis, and is the Newtonian viscous damping coefficient. A least squared regression was used to correlate data with Eq. 4 and obtain values for G 0, ␣, and . Note that G0 represents the effective stiffness of the cell, while ␣ is a measure of the cell's viscoelasticity, where ␣ ϭ 0 represents a purely elastic material, and increases in ␣ represent increased fluidity (47 Immunofluorescence characterization of pPAX was conducted by first fixing samples using 10% neutral buffered formalin (Thermo Scientific) for 15 min. Samples were then permeabilized with a 0.1% Triton X-100 (Sigma-Aldrich) solution in PBS for 5 min and blocked with SuperBlock blocking buffer (Thermo Scientific) for 1 h at room temperature. Samples were incubated with a 1:50 dilution of pPAX (TYR118) antibody (Cell Signaling Technology) in SuperBlock blocking buffer (Thermo Scientific) for 1 h at room temperature. Samples were subsequently incubated with Alexa Fluor 594 goat anti-rabbit IgG (HϩL) antibody (Invitrogen) (1:200 dilution in SuperBlock blocking buffer) for 1 h at room temperature. Actin filaments and cell nuclei were costained in these samples following the procedure described in Metabolic activity, cytoskeletal structure, and cell morphology above.
siRNA Experiments
To investigate if elevated FAK protein expression was responsible for changes in PAX phosphorylation, small interfering RNA (siRNA) techniques were used to knock down FAK protein levels. For these experiments, A549 cells were seeded on 10.6 and 68.6 kPa gels and TCPS substrates at a density of 2 ϫ 10 4 cells/cm 2 . Cells were then transfected with SignalSilence FAK siRNA I and SignalSilence Control siRNA (Cell Signaling, Beverly, MA). Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was used for these transfections, and we followed the reverse transfection protocol recommended by the manufacturer. Cells were harvested 48 h after transfection, and whole cell protein was extracted following standard protocols and analyzed via Western blots.
Statistical Analysis
All data were tested for normality using a Shapiro-Wilk test. Data that followed a normal distribution (metabolic activity, detachment, adhesion, and cell height) were analyzed using a one-way ANOVA with post hoc least significant difference test, and these data were graphed as means Ϯ SE. Data that were not normally distributed [gel stiffness, cell death, cell stiffness, viscoelasticity, and height-to-length and height-to-width (h/w) ratios] were analyzed using nonparametric statistical analysis, i.e., ANOVA on ranks with post hoc Dunn's test, and these data were graphed as median with 75th percentile.
RESULTS
Polyacrylamide Substrate Preparation and Characterization
Two acrylamide concentrations were used to achieve gels with an elastic modulus in the 3-to 68-kPa range (Table 1) . Ten percent acrylamide solutions were used with two concentrations of bis-acrylamide, 0.04 and 0.45%, to obtain gels with elastic modulus of 10.6 and 68.6 kPa, respectively. A 5% acrylamide solution with 0.03% bis-acrylamide was used to fabricate softer gels with elastic modus of 3.4 kPa. Gel stiffness was significantly different among all substrates evaluated (P value Ͻ 0.05). For this study, cellular responses to gels with Young modulus of 3.4, 10.6, and 68.6 kPa were selected to investigate a range of stiffness values that correspond to the physiological range for healthy and diseased lung tissue (17, 32) .
Fluid-filled Airway Reopening Simulation
As shown in Fig. 2A , plasma membrane rupture (i.e., cell death) and cell detachment were assessed using live/dead stains after the propagation of one or five microbubbles of air over monolayers of A549 cells. As expected, the magnitude of A549 cell death increased in proportion to the number of microbubbles propagated over the cell monolayer (Fig. 2B) . In addition, the amount of microbubble-induced cell death was generally higher for cells cultured on the rigid 68.6-kPa gel. Specifically, after one reopening event, the median amount of cell death for cells cultured on the rigid 68.6-kPa gels (5.9%) was slightly higher than the amount of cell death observed on the softer 3.4-and 10.6-kPa gels (4.0 and 4.3%, respectively). After five reopening events, the amount of cell death observed for cells cultured on softer gels (7.7% for the 3.4-kPa gel and 6.4% for the 10.6-kPa gel) was significantly less that the cell death observed for cells cultured on the rigid 68.6-kPa gel (13.2%, P Ͻ 0.05). Additionally, the amount of cell death at one and five bubble passages for all gels was significantly larger than the amount of cell death under control conditions, i.e., zero bubble passages. Although A549 cells cultured on the stiffer 68.6-kPa gels exhibited higher rates of microbubbleinduced cell death, these cells also exhibited a significantly Gels were prepared with different acrylamide and bis-acrylamide concentrations. E is reported as median with interquartile range (IQR) in parentheses.
lower percentage of cell detachment after the propagation of five microbubbles (Fig. 2C) . Specifically, cells cultured on the 68.6-kPa gel exhibited a 4.6% detachment rate, which was lower and statistically different from the detachment rate observed for cells cultured on 3.4-and 10.6-kPa gels, 12.0 and 12.6%, respectively (P values of 0.025 and 0.021, respectively, compared with 68.6-kPa gels). We also assessed how substrate stiffness influenced the injury of primary HSAEpC during cyclic reopening. As shown in Fig. 2D , as with the transformed A549 cells, primary cells cultured on the stiff 68.6-kPa substrate exhibited significantly more cell death/plasma membrane rupture compared with cells on the softer 3.4-and 10.6-kPa gels. In addition, HSAEpC culture on the stiff 68.6-kPa gel exhibited a trend toward less cell detachment compared with cells on the softer substrates.
Characterization of Cellular Responses
Morphological characterization and metabolic activity. As shown in Fig. 3A , A549 cells cultured on stiffer substrates (i.e., 68.6 vs. 3.4 kPa) developed into a more tightly packed monolayer with peripheral actin filament condensation. Alamar Blue results (Fig. 3B) indicate that, after 2 days, cells cultured on TCPS and glass controls presented a trend of higher metabolic activity compared with cells cultured on all of the gel substrates used in this study. In addition, after 2 days of culture, cells cultured on the softest 3.4 kPa gel demonstrated a statistically significant reduction in metabolic activity compared with cells on the 10.6-and 68.6-kPa gels (P Ͻ 0.03). Therefore, after 2 days, there was a clear trend toward increasing metabolic activity on stiffer gels. After 4 days, most of the samples reached a confluent state, and a marked decrease in metabolic activity was observed with no significant difference in metabolic activity among groups, presumably due to contact inhibition.
As shown in Fig. 4 , AFM was used to characterize changes in morphology for cells cultured on different stiffness gels. Cells cultured on the softer 3.4-and 10.6-kPa gels were generally smaller in volume and had a flatter morphology compared with cells cultured on the more rigid 68.6-kPa gel. As shown in Fig. 4B , quantitative measurements of cell morphology from similar images indicate that the maximum height of cells cultured on the stiff 68.6-kPa gel (4.7 m) was significantly higher (P values Ͻ 0.001) than maximum height of cells cultured on the softer 3.4-and 10.6-kPa substrates (3.3 and 3.8 m, respectively). No significant difference in cell width was observed on the different gels, with mean cell width values of 26.3, 28.7, and 25.6 m for cells on 3.4-, 10.6-, and 68.6-kPa gels, respectively. Similarly, no significant difference in cell length was observed, with mean length values of 38.7, 40.2, and 36.2 m for cells on 3.4-, 10.6-, and 68.6-kPa gels, respectively. As a result, cells on stiffer gels (68.6 kPa) exhibited a larger height-to-length and h/w aspect ratio compared with cells on the softer 3.4-and 10.6-kPa gels (P Ͻ 0.05) (Fig. 4, C and D) .
Cell mechanics. As shown in Fig. 5A , AFM measurements indicate that A549 cells cultured on the rigid substrate (68.6 kPa) exhibits a 2.2-fold higher elastic modulus compared with the elastic modulus of cells on softer substrates (3.4 and 10.6 kPa) (P values Ͻ 0.05). Consistent with this static measurement, oscillatory AFM measurements showed a significant increase in the shear modulus across all frequencies investigated for the 68.6-kPa gel compared with the softer 3.4-and 10.6-kPa gels (Fig. 5B) . Quantification of the shear modulus vs. frequency data in Fig. 5B indicates that the reference shear modulus (G 0 ) was significantly higher for cells cultured on the stiffer 68.6-kPa gel compared with cells cultured on the softer 3.4-and 10.6-kPa gels (P Ͻ 0.05) (Fig. 5C) . A similar pattern was observed for the Newtonian viscous damping coefficient (), where the cells on the stiff 68.6-kPa gels had a larger compared with cells on the softer 3.4-and 10.6-kPa gels (P Ͻ 0.05) (Fig. 5C ). Although the power law exponent (␣) measured for cells cultured on the softer 3.4-kPa gel was statistically lower (P Ͻ 0.05) than the value measured for cells on the more rigid 10.6-and 68.6-kPa gels, the magnitude of this change was minor (i.e., ␣ ϭ 0.104 for cells on 3.4-kPa gels vs. ␣ ϭ 0.124 for cells on 68.6-kPa gels). These data indicate that cells cultured on rigid gels exhibit an increase in their elastic modulus and viscous dampening coefficient, but only a minor change in the power law exponent governing fluid-to-solid-like transitions. Expression of adhesion proteins. As shown in Fig. 2C , A549 cells cultured on rigid gels exhibited significantly less detachment after cyclic airway reopening, and we investigated if increased adhesion strength was accompanied by changes in FAK expression. As shown in Fig. 6 , we assessed how culturing cells on different stiffness gels alters the expression of nonphosphorylated and phosphorylated FAK and PAX. Increasing gel stiffness resulted in an increase in the expression of FAK for cells cultured on 3.4-vs. 68.6-kPa gels (P ϭ 0.006). Increasing gel stiffness also resulted in a statistically significant increase (P ϭ 0.015) in PAX phosphorylation for cells cultured on the 68.6-kPa gel compared with cells cultured on the 3.4-kPa gel. No significant changes in nonphosphorylated PAX or FAK phosphorylation were observed among the groups (Fig. 6) . These results were confirmed via immunofluorescence staining, where cells cultured on the stiffer 68.6-kPa gel showed increased PAX phosphorylation and preferential localization of pPAX toward the nucleus (Fig. 7) . Conversely, cells on the softer 3.4-kPa gels exhibited a lower and relatively uniform distribution of pPAX. This type of uniform cytoplasmic distribution was also observed for pFAK, with no significant differences among cells cultured on the different gel substrates (data not shown).
DISCUSSION
VILI is a major source of trauma in intensive care units, and it is well established that interfacial flows during the reopening of collapsed pulmonary airways contribute to cellular injury during ventilation (24) . Although previous studies have used rigid-walled in vitro systems to investigate how interfacial flows influence cell injury patterns (3, 30, 35, 47, 48) , lung tissue is highly compliant, and many clinical disorders are characterized by changes in lung/airway wall compliance (32, 41) . In this study, we investigated how changes in airway wall compliance influenced cellular injury during airway reopening by culturing lung epithelial cells on different stiffness substrates and exposing these cells to injurious interfacial flows. In addition to quantifying the effect of substrate stiffness on cell injury, we also used several characterization tools to investigate the biophysical mechanisms of cell injury during compliant airway reopening.
It has been previously shown that substrate stiffness influences basic cellular responses such as cytoskeletal distribution, adhesion, and migration with cell type-dependent characteristics (5, 15, 19, 33, 37) . For example Engler et al. (19) demonstrated that substrate elasticity regulates the fate of naive mesenchymal stem cells, and Byfield and collaborators (5) demonstrated that human umbilical vein endothelial cells cultured on rigid type I collagen gels presented significantly higher stress fiber formation and elastic modulus compared with cells on softer gels. Based on these studies, we hypothesized that culturing lung epithelial cells on different stiffness substrates would alter the cell's structural, morphological, and biophysical properties, and that these changes would alter the cellular injury patterns observed after airway reopening. As shown in Fig. 2 , lung epithelial cells cultured on rigid 68.6-kPa gels exhibited significantly more plasma membrane rupture/ cell death after airway reopening compared with cells cultured on softer 3.4-and 10.6-kPa gels. Although this pattern of increased cell injury on stiff substrates was observed in both transformed A549 and primary human epithelial cells, it is interesting to note that primary cells exhibit a larger percentage of cell death (ϳ40%) compared with the percentage of cell death observed in A549 cells (ϳ15%). This indicates that primary cells are very sensitive to damage by interfacial forces. Since the cell's morphological, cytoskeletal, and biomechanical properties can influence the degree of injury during airway reopening (29, 47, 48) , we investigated how substrate stiffness influences these properties in A549 cells. First, contrary to previous reports by Fereol and collaborators (21) , lung epithelial cells (A549) cultured on stiffer substrates exhibited a larger Young's modulus and reference storage modulus, G 0 (Fig. 5, A  and C) . This increase in cell stiffness correlated with changes in cytoskeletal structure, where cells on stiffer gels exhibited peripheral condensation of actin (Fig. 3A) . However, this increase in cell stiffness does not explain the increased cell death observed for cells cultured on stiffer substrates, since previous computational studies (14) indicate that the amount of cell deformation and plasma membrane rupture is expected to decrease with increasing Young's modulus. In addition, experimental studies (47) indicate that minor increases in the cell's storage modulus leads to a small decrease in cell death during airway reopening. Therefore, changes in cell stiffness do not explain the increased cell injury on rigid substrates.
As shown in Fig. 5B , A549 cells exhibit a complex rheology where the storage modulus follows a weak power law function of frequency with a power law exponent, ␣. Previous computational studies (13) predict that increases in ␣ result in a more fluidlike cell, and that this fluidization results in less plasma membrane rupture during airway reopening. Consistent with these computational predictions, Yalcin et al. (47) demonstrated that depolymerizating the actin cytoskeleton leads to a large increase in ␣ and lower cell necrosis during cyclic airway reopening. Oscillatory AFM measurements in this study (Fig.  5C ) indicate that cells cultured on stiffer 68.6-kPa gels exhibit a small increase in ␣ compared with cells cultured on softer 3.4-and 10.6-kPa gels. However, cells on the 68.6-kPa gels exhibited the largest amount of cell necrosis. We, therefore, conclude that changes in viscoelastic properties do not account for increased cell injury on rigid substrates. In addition to biomechanical properties, changes in cell morphology can also alter the injury response of lung epithelial cells to interfacial flows. For example, a computational model developed by Jacob and Gaver (29) indicates that increasing the cell's h/w aspect ratio leads to an amplification of the mechanical forces applied to epithelial cells during airway reopening. These increased mechanical forces would cause more cell injury, and Yalcin et al. (48) validated this prediction by demonstrating that subconfluent A549 cells with a large h/w aspect ratio experienced significantly more cell necrosis during airway reopening compared with confluent epithelial cells with a smaller h/w aspect ratio. Interestingly, Yalcin et al. (48) also demonstrated that subconfluent cells exhibit peripheral actin condensation, and, although these authors did not measure changes in cell stiffness, it is likely that the subconfluent cells were mechanically stiffer than confluent cells, yet experienced more cell death during interfacial flows. As a result, these subconfluent cells are in some ways similar to the cells cultured on rigid gels in this study. Specifically, as shown in Fig. 4 , cells cultured on rigid 68.6-kPa gels exhibited significantly larger aspect ratios, and, based on previous computational studies (29) , this increased aspect ratio would lead to larger mechanical forces being applied to the epithelium. This "force amplification" would then account for the increase in cell death observed for cells cultured on stiffer substrates. Interestingly, a computational study by Dailey et al. (14) indicates that, even if the force amplification caused by increased aspect ratios was minor, the measured change in morphology alone could lead to increased plasma membrane stress and cell death. We, therefore, conclude that changes in cell morphology, i.e., increased h/w aspect ratio, correlates with the increased cell injury observed for cells on stiffer substrates.
In addition to increased cell necrosis, cells on stiff substrates also exhibited less cell detachment and barrier disruption during airway reopening. To address potential mechanisms responsible for this increased adhesion, we investigated how changes in substrate stiffness influence the expression of two key FA proteins: FAK and PAX. FAK and PAX are involved in the assembly/turnover of FAs and play an important role in integrin-mediated mechanotransduction (6, 40) . In addition, after cell adhesion, tyrosine phosphorylation of FAK and PAX regulate cells spreading and migration (36) . In this study, we demonstrated that cells cultured on the stiffer 68.6-kPa gel exhibited significantly higher phosphorylation of PAX compared with cells cultured on the softer 3.4-kPa gels (Fig. 6) . Although we did not observe any change in FAK phosphorylation, we did observed increased pPAX in the perinuclear region for cells cultured on stiffer gels (Fig. 7) . These results are in agreement with previous studies by Eisenberg et al. (18) , who reported significant changes in adhesion protein expression for cells culture on stiffer polyacrylamide substrates. Interestingly, we also observed a small but statistically significant increase in nonphosphorylated FAK in cells on the rigid 68.6-kPa gels. Since FAK is known to phosphorylate PAX (2), we used siRNA techniques to investigate if knockdown of the expression of FAK in A549 cells alters the amount of PAX phosphorylation on different stiffness substrates. As shown in Fig. 6C , we were able to knock down FAK expression by ϳ70 -80%, and this resulted in a significant reduction in the amount of PAX phosphorylation for cells on stiffer gels. In addition, although cells treated with a scramble control siRNA (sc-FAK) exhibited increased PAX phosphorylation on the stiffer 68.6-kPa gel and the very stiff TCPS substrate, there was no statistically significant change in PAX phosphorylation for cells on different stiffness substrates when cells were treated with si-FAK. These data indicate that knocking down FAK protein levels mitigates the increased PAX phosphorylation observed on stiffer gels/substrates. Although increased cell adhesion for cells on rigid substrates is accompanied by an increase in PAX phosphorylation, additional studies are needed to investigate if increased cell adhesion during cyclic airway reopening is dependent on increased PAX phosphorylation. In addition, since PAX plays an important role in regulating the cytoskeletal remodeling required for cell migration and wound healing and since altered phosphatidylinositol 3-kinase activity and RhoA stimulation are common downstream effects of PAX phosphorylation (8, 34) , further investigation of how pPAX alters these cell migration processes on deformable substrates is warranted.
Conclusions
We have demonstrated that substrate stiffness has a significant impact both on cell injury during airway reopening and on the morphological, cytoskeletal, and biomechanical properties of lung epithelial cells. Decreases in airway wall compliance (i.e., increased substrate stiffness) resulted in increased cellular necrosis and decreased cell detachment. Increased cell necrosis for cells on stiff substrates was correlated with an increased h/w aspect ratio, and previous computational studies indicate that this change in morphology amplifies interfacial stresses and, therefore, leads to increased cell necrosis. Increased cell adhesion during airway reopening was correlated with increased PAX phosphorylation for cells on rigid gels. These results indicates that patients with pathophysiological conditions that lead to stiffening of lung tissues (i.e., pulmonary fibrosis) may be more susceptible to cell necrosis during mechanical ventilation, while patients with high airway compliance, as occurs during emphysema, may be more susceptible to cell detachment and barrier disruption during mechanical ventilation. Therefore, this work has provided new insights into the pathological mechanisms by which changes in airway wall compliance influence cellular injury and inflammation during airway reopening.
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